Two active Mach-Zehnder interferometers are integrated in a monolithic InP/ InGaAsP photonic integrated circuit. Together they form a crucial component for optical signal processing: an optical memory element or set-reset flip-flop. The switching time for this initial device is approximately 200 ps. The photonic integrated circuit contains active and passive optical components, including electro-optic phase shifters.
Recent research on all-optical packet processing of telecommunication data has demonstrated a need for optical memory, logic, and threshold functions.
1,2 A proposed approach to providing integrated optical logic functions is to employ integrated MachZehnder interferometers (MZIs) with semiconductor optical amplifier (SOA) active elements. 2 The active MZI has been shown to be a high-speed component for wavelength conversion and other functions in telecommunications systems. 3 Considerable effort has been directed to miniaturizing the device and improving its performance. 4 Here a system of two coupled active MZIs is integrated into a single InP/ InGaAsP photonic integrated circuit. The system acts as an optical flip-flop, 5 with optical set and reset functions.
A schematic diagram of the device is shown in Fig.  1 . Each MZI in the device is constructed from the following components: a 72/ 28 splitting ratio multimode interference coupler 6 at the MZI input (left side of Fig. 1 ), a 1450 m long electro-optic phase shifter (PS) in one MZI arm, 7 a 750 m long SOA in the other MZI arm, and, following the SOA, another 72/ 28 multimode interference coupler. This coupler is employed to couple light out of the system, such that the system's state can be observed, and also to couple in light that is used to switch between states. The two MZIs share a common 50/ 50 multimode interference coupler. The couplers employ tapered access waveguides for accurate coupling ratios and low excess loss. 8 A theory on the way in which two coupled MZIs can interact to form a 1 bit memory is given in Ref. 5 . Here, MZI 1 and MZI 2 share a common 50/ 50 output coupler ( Fig. 1) , whereas in the research reported in Ref. 5 each MZI had its own 50/ 50 output coupler. However, the operation of the device reported here is similar to that in Ref. 5 and is now briefly explained: Consider just MZI 1, consisting of one 50/ 50 and two 72/ 28 couplers, SOA 1, and PS 1 (Fig. 1) . The cw bias 1 light, denoted by a thick gray arrow, flows rightward into SOA 1 through the 28% branch of the 72/ 28 coupler and also into PS 1. After being amplified by the SOA, light from the SOA and the phase shifter recombines at the output of the 50/ 50 coupler. The phase difference between light at the 50/ 50 coupler inputs is chosen such that the light out of this unperturbed MZI goes mostly into the top 50/ 50 coupler output, as shown by the thicker gray curve in Fig. 1 . This light then flows via the 28% branch of the MZI 2 72/ 28 coupler to in/out 1, and via the 72% branch into SOA 2. The MZI 1 light flowing into SOA In effect, the MZI 1 output suppresses output from MZI 2. As the system is symmetric, it is also possible that MZI 2 suppresses output from MZI 1. One can determine which state the system is in by observing ports in/out 1 and in/out 2. One can switch the system between the states by sending a light pulse (via an in/out port) into the MZI that is currently dominant. This light will switch the MZI output away from suppressing the other MZI, allowing the other MZI then to become dominant.
The use of PS 1 and PS 2 permits the phase difference between light at the 50/ 50 coupler to be adjusted for correct operation over a wide range of wavelengths. 5 The MZI arrangement with the shared 50/ 50 coupler was chosen because it requires only four external ports (in/out 1, in/out 2, bias 1, and bias 2) for correct device operation, which eases fiberarray coupling.
The device was fabricated on an InP/ InGaAsP epitaxial wafer, which contained bulk active areas with 1550 nm emission wavelength InGaAsP for the device's SOAs. Furthermore, passive waveguides for the other device components were fabricated in 1250 nm emission wavelength InGaAsP areas. A deepshallow double etch process was employed to construct the waveguides. Deep etching permitted small radius waveguide bends, typically of 100 m radius, and thus small device dimensions ͑2.8 mm ϫ 0.55 mm͒. Details of the wafer growth and device fabrication can be found in Ref. 9 .
To permit measurements the processed wafer was cleaved to expose the input-output waveguides. An antireflection coating was applied to the cleaved facet, and an array of lensed fiber tips 10 permitted simultaneous access to the inputs and outputs. The positioning of the fiber array was controlled by piezoelectric positioning stages. The coupling loss between the fiber tips and the device waveguides was estimated to be of the order of 6 dB. 10 The device was mounted on a Peltier-cooled copper chuck. All the measurements were taken with the copper chuck at 10°C.
To demonstrate the switching of the device between states, we sent 200 ps wide optical pulses successively into the in/out 1 and in/out 2 ports. At the same time cw bias light was applied to the bias 1 and bias 2 ports. The light coming out of the device via the in/out ports was amplified, filtered, detected by a photodiode, and recorded by an oscilloscope. The oscilloscope traces from the device outputs and also the switching inputs are shown in Fig. 2 . The optical power levels shown in Fig. 2 are those estimated at the chip input-output waveguides, assuming a 6 dB fiber-tip-to-waveguide coupling loss. Switching between the two states within several hundred picoseconds can be clearly seen. The on/off contrast ratio for the out 2 port is approximately 12 dB, whereas that for the out 1 port is approximately 8 dB.
For Fig. 2 the cw bias wavelengths and the on-chip power levels were the following: bias 1, 1553.25 nm and 2.0 mW; bias 2, 1555.4 nm and 1.9 mW. The currents for the two SOAs were SOA 1, 144.1 mA and SOA 2, 202.3 mA. Correct operation of the device depends critically on the phase difference in the two MZI arms 5 and on the correct SOA gain. The correct gain and phase difference ensure that the MZI output power is transferred correctly between the 50/ 50 coupler outputs, whether the MZI is or is not suppressed. To obtain the correct operating conditions we initially chose the bias light wavelengths; then we adjusted the bias light power and SOA currents to fine-tune the device's operation.
The device's temperature was actively controlled by the Peltier cooler to eliminate phase changes in the MZI arms caused by ambient-temperature shifts. It may be possible with clever design to construct MZI devices that are not sensitive to ambienttemperature changes. However, active temperature control was required for correct operation of the device reported here. Figure 3 shows details of the switching transition for slightly different conditions. Here the rise-fall and 50% to 50% switching times are approximately 200 ps, although the on/off contrast ratio is lower than in Fig. 2 . In the switching experiments, phase shifters were not employed, owing to limitations in the experimental setup. However, separate experiments were performed to demonstrate their operation.
One of the outputs of one MZI was observed through the associated in-out port. The reverse bias voltage across the electro-optic phase shifter was varied, and the MZI output power at the bias light wavelength was measured. The results are plotted in Fig.  4 . The change from minimum to maximum power output indicates that a phase shift greater than can be obtained. Such fine control over the MZI phase is necessary for obtaining optimum device operation and in particular a high output contrast ratio, over a range of bias light wavelengths.
The maximum switching speed of the device is limited primarily by the recovery time of the SOAs. This SOA recovery time depends not only on the material carrier's lifetime but also on the presence of cw light injected into the SOA and the SOA gain. 11, 12 The time taken for a signal to travel the distance between the two MZIs may also eventually limit the device's speed.
MZIs used for wavelength conversion 3 have been shown to work successfully for bit rates in excess of 10 Gbits/ s, which indicates that a full SOA recovery from a persistent perturbation can occur in less than 100 ps. 12 Thus switching between states should be possible in 100 ps. The approximately 200 ps switching times demonstrated here in this initial device are not far from achieving this speed.
The on/off contrast ratio demonstrated here is usable but modest. Optimum contrast and device performance requires careful tuning of device parameters such as SOA gain, bias light power, and phase difference in the MZI arms. Also, the polarization of the bias light entering the device is critical for highest contrast. The drift in the position of the fiber array from the piezoelectric stages causes time-varying bias conditions for the MZIs. The drift makes optimization of the device performance during the experiment difficult. It is expected that better device performance and on/off contrast ratios could be achieved by use of a fixed fiber array-chip assembly 10 and by employing the phase shifters for fine tuning.
The peak pulse power that rapidly switches the device between states was much higher than the device's output power, which is undesirable when multiple devices need to interact, although much lower powers were required for longer switching pulses. Even with ideal couplers, only 10% of the switching light reaches the SOA in the current design. Excess component losses will further reduce this proportion of light. Furthermore, only a fraction (28%) of the light output by the dominant MZI was coupled to the output. Better device architectures should address these issues, 5 providing device output signals that are comparable with the device input signals. However, more input-output connections to the device may be required. 5 In summary, we have demonstrated a monolithic InP/ InGaAsP photonic integrated circuit that contains two active MZIs interconnected to form a memory element. This initial device has reasonable switching speeds of 200 ps and also includes integrated electro-optic phase shifters for fine-tuning performance. The device serves to demonstrate the use of multiple MZIs to construct more-complex monolithically integrated optical functions and may be useful in itself as a building block in optical signalprocessing experiments.
